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N - toroidal mode number: 8B —~ eln(p

E=Zg/Rg - elongation (E<1 - oblate; E>1 - prolate FRC)
R

]
s= _Jrr_ng - key parameter for stability , §~2-10

p' S large s — MHD regime
small § — kinetic

ni-1-510 2m -3 T, ~0.1-0.2 keV Lo~ 100-200 cm
B~ 4-13 kG T -0.1-1keV R.~ 15-90 cm



FRC stability code

2d order accurate in time, explicit scheme
4 order spatial derivatives ( 3D finite difference )

Linearized or nonlinear

-large's

-small §

For particles: §F scheme

Cylindrical grid for fields, 3D Cartesian grid for particles



Hybrid scheme (fiuid electrons, kinetic ions)

Vp,
E=-VexB- en, +nd
1
Ve_ ene(dl _J)

0B/t =-VxE, J=VxB
ape /ot + Ve'Vpe + Pe Y(Vve) =T (7'1) J2

Ne =N

dx/dt=v

dv/dt=—=(E-NJ +vxB)



Previous results

1. FRCs unstable in MHD regime (large §)

e n=1 tilt mode
e n>1 - unstable
e no nonlinear saturation

2. Sheared rotation stabilizing
V. V21
3. Shaping (n=1 mode)

e elliptic separatrix
e racetrack separatrix
e oblate FRCs (E<1)

4. Kinetic effects (prolate FRCs) n=1 tilt mode

e FLR effects
e hybrid simulations

v is reduced but no complete stabilization
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Linearized hybrid simulation results

Table 1: Parameters for hvbrid simulations

run I @ 3y M, shapc 3 Ymrd/ o /0

RH1 2.0 076 0.19 009 elliptic 92 1.5 1.4
RH2 1.7 078 0.17 035 elliptic 1.5 1.5 0.92
RH3 3.9 0751 030 0.0 elliptic 74 1.8 1.6
RII4 3.9 071 030 0.0  cllipic 1.9 1.8 0.73
RII> 39 071 030 0.0 clliptic 0.9 1.8 0.34
RH6 41 076 0.15 00 racetrack 14 2.2 0.97

RH7 7.2 0.64 033 00 racetrack 62 234 2.01

RH8 7.2 0.64 033 00 racetrack 08 2.34 0.34

s Linear theory does not explain stability
¢ Non-linear effects in kinetic regime?

— new result: non-linear stabilization
in small s regime



Equilibrium profiles for E=4 and s=2 hybrid simulations
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MHD simulations with E=4, elliptical separatrix
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Hybrid simulations with E=4 5=2, alliptical separatrix




Nonlinear hybrid simulations with E=4 and s=2

Vector plots of poloidal magnetic field

B(z, r}, n= 0, phi= 0.0
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Energy plots from delta-f and full-f simulations
E=4 and s=2

np=2M
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Hybrid simulations with E=4 s=7 .4

- denaity contoura

=215




Nonlinear hybrid simulations with E=4 and s=7 .4

Vector plots of polokdal magnetic field

=0

M o= By pri= B

i B AL
TR
AT IRLI R
T TRLIR AL
LEARIAR e
ITEITR N ees==
_._.__._.:::_1..
_:_.___:____._...r..“,”“.“
_____L._._:____._qi_._._._._

i i

&

it
“___F___J.._.,..i....__q__:
T
r_ _._r___.._.____..... e
TIETTEITACIRES
(THLTE TR LR
_.__—__u__.____..
AETTNLINAEES
ANLIRL LA

ait i F

]

-d3a

F____—__—__.____.

__._.r_m_.r_.k._._.ru_..r_._.k_._...m_

M, rl = 0. phi= 0D

rTTTIE I arry

TR
=__L_.__. .__..__.__________
e
e
Jine

_ur_..l..r.
_r__......
___-......._
____:....__

:._:.1_1“”.”
(-t

ook
| Lok

i

______. SLLLN

?_,.__.......:
?,,E.,,_,_

(e

LA

aipl

=22 51_A

-

]

—45

1q______

-¥n



Energy plots from delta-f and full-f simulations

E=4 and =7 4
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Waration of particle energy, forcidal angular momenturm and
magnetic mament aleng equiibium orkit
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Nonlinear hybrid simulation of oblate FRC ( 5=4, E=0.7)
BO-A0-32 eylindrical grid
BO<51x51 particie grid; nps 0.5M
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& FLR slabilization is not effective for low-n modes in oblate FRC for 821



Particle trajectories in oblate FRC (E=0.7)

MNonlinear hybrid simulation with 5= 4 (=2 4,
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Conclusions

1 - - - - - S |
o [ Imear stability E=1

n=1 tilt mode growth rate is reduced by sheared rotation
and kinetic effects - no complete stabilization

linear mode structure changes at small s
¢ Nonlinear elfects

MNonlinear saturation agrees with experiments:
elliptic separatrix
large separatrix beta
elongation E>6

Saturation mechanisms:
larger E - stability condition {2>w, is satisfied (?)
nan-Maxwellian distribution F;

Future work

- dependence on s, E, other shape parameters, and
collisionality

- glectron physics

- gnergetic ion beam stabilization for oblate and prolate
FRCs



